INTRODUCTION
All tissue growth requires the establishment of an adequate vascular structure. In its absence the tissue becomes deprived of oxygen and nutrients and in response the cells produce angiogenic factors, which function to recruit new blood vessels into the undervascularized tissue (Folkman and Shing, 1992; Battegay, 1995) . Of the angiogenic factors identified to date, vascular endothelial growth factor (VEGF) is likely to be a key regulator of angiogenesis (Shweiki et al., 1992; Kim et al., 1993; Millauer et al., 1994) . VEGF is a secreted, endothelial cell-specific mitogen that is highly expressed in solid tumors and in areas of active vascularization (Leung et al., 1989; Plate et al., 1992; Shweiki et al., 1992) . Upregulation of VEGF expression by hypoxia appears to be a critical step in the process of neovascularization of solid cancers (Shweiki et al., 1992; Kim et al., 1993; Shweiki et al., 1995) . Inhibition of VEGF activity in vivo can block both tumor establishment and progression, by inhibiting vascularization (Kim et al., 1993; Millauer et al., 1994) , and VEGF also appears to be required for the maintenance of tumor blood vessels, because withdrawal of VEGF leads to breakdown of the vascular structure and consequently tumor regression (Benjamin and Keshet, 1997) .
The upregulation of VEGF expression by hypoxia is due to both transcriptional activation and a marked stabilization of the normally labile VEGF mRNA (Ikeda et al., 1995; Levy et al., 1995 Levy et al., , 1996a Shima et al., 1995; Stein et al., 1995; Damert et al., 1997) . Transcriptional activation of VEGF is mediated in large part by the binding of hypoxia inducible factor-1 to an enhancer element in the 5Ј-flanking region of the VEGF gene (Ikeda et al., 1995; Levy et al., 1995; Forsythe et al., 1996) ; however, relatively little is known about the mechanism of stabilization of the VEGF mRNA in response to hypoxia. Previous studies on the regulation of VEGF mRNA stability have focused on the role of the 3ЈUTR, which is 1.9 kb in length and contains a number of elements likely to be important in regulating the stability of the mRNA, including several copies of the nonameric consensus for the AU-destabilizing element (Levy et al., 1995 (Levy et al., , 1996a (Levy et al., ,b, 1997 Claffey et al., 1998) . Consistent with the presence of destabilizing elements, the VEGF 3ЈUTR can reduce the expression of a reporter mRNA in vivo (Shima et al., 1996) . In vitro degradation studies have shown that the VEGF 3ЈUTR is stabilized in response to hypoxia (Levy et al., 1996a,b) , and a number of studies have demonstrated the presence of binding sites for hypoxia-inducible binding proteins in the 3ЈUTR (Levy et al., 1996a (Levy et al., ,b, 1997 Claffey et al., 1998) ; however, it appears that the VEGF 3ЈUTR is not sufficient to confer hypoxic regulation on a reporter mRNA in vivo (Levy et al., 1997; Claffey et al., 1998) , and recapitulation of hypoxic stabilization of the VEGF mRNA in a reporter system has not been achieved.
Apart from VEGF, the stability of a number of other mRNAs has also been found to be regulated by hypoxia, including the mRNAs for erythropoietin, tyrosine hydroxylase, and glut-1 (Goldberg et al., 1991; Czyzyk-Krzeska et al., 1994; Stein et al., 1995; McGary et al., 1997) . Although the mechanistic details of the stabilization of these other mRNAs have yet to be elucidated, it is also likely that the binding of proteins to elements within the 3Ј untranslated regions (3ЈUTRs) of these mRNAs will be important in the regulation of mRNA stability (Czyzyk-Krzeska and Beresh, 1996; Czyzyk-Krzeska et al., 1997; McGary et al., 1997) . VEGF is encoded by a single gene that gives rise to four isoforms by alternative splicing (Tischer et al., 1991; Shima et al., 1996) . Of these four isoforms, the 164 and 121 amino acid isoforms appear to be the primary mitogenic forms in vivo (Houck et al., 1991; Cohen et al., 1995) . All four isoforms share the same 5Ј UTR, which is unusually long and GC-rich (Levy et al., 1995; Shima et al., 1996; Tischer et al., 1991) . The unusual structure of the 5ЈUTR suggests that elements regulating translation and/or stability of the mRNA may also reside within this region. As a first step toward elucidating the molecular mechanisms involved in the regulation of VEGF mRNA stability, we have systematically analyzed the regions in the VEGF mRNA that are responsible for its lability under normoxic conditions and the regions that are responsible for stabilization in response to hypoxia. We find that multiple regions in the VEGF mRNA cooperate both to ensure the rapid degradation of the mRNA under normoxic conditions and to allow stabilization of the mRNA in response to hypoxia.
MATERIALS AND METHODS

Cell Culture and Transfection
Mouse BALB/c3T3 lines were grown in DMEM with 7.5% FCS. Cells (2 ϫ 10 6 ) were transfected with 20 g of plasmid (linearized with ScaI) by CaPO 4 precipitation, grown for 24 -48 h, and selected in 400 g/ml G418. After 10 -12 d, the resulting colonies (containing at least 100 independent clones) were pooled and maintained in 200 g/ml G418 sulfate (Life Technologies, Gaithersburg, MD). Hypoxic conditions (1% O 2 , 5-8% CO 2 ) were generated either by ascorbic acid depletion of atmospheric oxygen in a sealed 2.5-l container (AnaeroGen AN25; Oxoid, Basingstoke, Hampshire, England) or by infusion of N 2 gas using a Reming Bioinstruments (Redfield, NY) Oxyreducer unit on a standard CO 2 incubator. Actinomycin D was used at 5 g/ml to inhibit transcription of endogenous genes. Serum stimulation of cells was performed essentially as described previously (Lagnado et al., 1994) , except that 1) hypoxic incubation and serum starvation were performed concurrently for 24 h and 2) FCS was added directly to the medium for serum stimulation.
Plasmid Constructions
Plasmids were generated by insertion of murine VEGF sequences into the pfGH plasmid (see Figure 2) . Plasmid pfGH-3ЈV contains the entire 3ЈUTR of VEGF (from the first nucleotide after the VEGF termination codon to 2.2 kb downstream) and was generated by cloning a 2.2 kb Pfu PCR fragment from p3ЈVEGF, a clone derived from a FIX II mouse genomic VEGF clone (Carmeliet et al., 1996; Breier, unpublished observations) , between the KpnI and SacI sites of pfGH. Plasmid pf164 -3ЈGH substitutes the coding region for human growth hormone (hGH) with the coding region for the VEGF 164 amino acid isoform. The plasmid was generated by cloning a XbaI-KpnI fragment from pVEGF1, a cDNA clone of the VEGF 164 amino acid isoform , into the NheI and KpnI sites of pfGH. Plasmid pf5ЈV-GH-3ЈGH contains the entire VEGF 5ЈUTR inserted into the 5ЈUTR of the fGH reporter gene and was constructed by incorporating a NcoI site at the VEGF initiation codon by PCR amplification with Pfu polymerase from pV5NBgl63 (Damert et al., 1997) and cloning a HindIII to NcoI fragment (sequence coordinates 1218 to 2234 [Shima et al., 1996] ) into the same sites in pfGH. Plasmid pf164 -3ЈV, which contains the 164 amino acid coding region linked to the VEGF 3ЈUTR, was created by cloning a MluI to KpnI fragment from pf164 -3ЈGH into the same sites in plasmid pfGH-3ЈV. Plasmid pf5ЈV-GH-3ЈV contains the VEGF 5ЈUTR linked to the hGH coding region and VEGF 3ЈUTR and was constructed by cloning a MluI to KpnI fragment from pf5ЈV-GH-3ЈGH into the same sites in pfGH-3ЈV. Plasmid pf5ЈV-164 -3ЈGH contains the VEGF 5ЈUTR and 164 amino acid coding region and was created by incorporating a NcoI site at the VEGF initiation codon by PCR amplification with Pfu polymerase and cloning the NcoI to KpnI PCR fragment containing the VEGF coding region into the same sites in pf5ЈV-GH-3ЈGH. To create a reconstructed version of the entire VEGF mRNA, tagged at the coding/ 3ЈUTR junction to distinguish it from the endogenous VEGF mRNA, the MluI to KpnI fragment from pf5ЈV-164 -3ЈGH was cloned into the same sites in pfGH-3ЈV. The resulting plasmid was termed pfVEGF and contains 48 bp of pBluescript polylinker between the VEGF termination codon and the start of the 3ЈUTR.
Plasmid pGH/VEGF was created by cloning a 389 bp BglII-SmaI fragment from pfGH-3ЈV into the BamHI and SmaI sites of pBluescriptSKϩ. This plasmid contains junction sequence between the hGH gene and the VEGF 3ЈUTR and was used to detect the endogenous VEGF mRNA and also to detect the chimeric fGH-3ЈV mRNA. pGEM164/3Ј was created by cloning a 260 bp EcoRI to SmaI fragment from pf164 -3ЈV into the same sites in pGEM4Z. This plasmid contains the 164/3ЈUTR junction present in the reconstructed fVEGF mRNA and was used to generate probes to allow discrimination between the reconstructed fVEGF mRNA and the endogenous VEGF mRNA.
RNA Isolation and Analysis
Total RNA was isolated either from untransfected BALB/c3T3 cells or from polyclonal pools of transfected cells by guanidine thiocyanate extraction (Chomczynski and Sacchi, 1987) . Specific transcripts were detected either by Northern analysis (Sambrook et al., 1989) or by RNase protection analysis (Lagnado et al., 1994) . The GAPDH 1 mRNA and chimeric mRNAs containing the hGH coding region were detected as described previously (Lagnado et al., 1994) . For detection of the endogenous VEGF mRNA, a T7 synthesized transcript from pGH/VEGF digested with XbaI was used. For detection of mRNAs containing the VEGF 164 amino acid coding region, an SP6 synthesized transcript from plasmid pf164 -3ЈGH digested with HinfI was used. The reconstructed fVEGF mRNA was detected by use of a T7 synthesized transcript from plasmid pGEM164/3Ј digested with EcoRI. The neomycin phosphotransferase (neo) mRNA was detected by use of plasmid pGNEO digested with RsaI and T7 RNA polymerase. ␤-actin mRNA was detected by use of pS4H␤-actin (a subclone of pHF-A1 [Ponte et al., 1983] ) digested with PvuII and SP6 RNA polymerase.
Quantitation and Analysis of Specific mRNAs
The amount of specific mRNA was quantitated by PhosphorImager (Molecular Dynamics, Sunnyvale, CA) analysis of RNase protection gels. The level of each mRNA was normalized with respect to either GAPDH or neo mRNA, or was plotted without normalization, as indicated in the figure legends. Because the amount of GAPDH mRNA increased linearly during the 8 h after serum stimulation of normoxic cells, when GAPDH was used for normalization a regression line was fitted to the pooled GAPDH mRNA levels for each experiment and used to calculate the expected GAPDH level for each sample, as has been described previously (Lagnado et al., 1994) . Levels of the fGH mRNA and its variants were then normalized by multiplying the ratio (expected GAPDH/observed GAPDH). This correction avoided overestimating the instability of chimeric mRNAs but did not change relative destabilizing effects. The prestimulation level of GAPDH mRNA was found to be elevated by hypoxia (Graven et al., 1994) , but the level of GAPDH mRNA showed no significant change for the period of the 8-h time course after serum stimulation. To demonstrate that the serum-induced highest mRNA values were similar between experiments and with each reporter gene, the maximum levels of the reporter mRNA are given in each figure legend. To allow comparison between experiments (for which the times of phosphorimage exposure may differ), the maximum value was expressed relative to the normoxic GAPDH level. Transcriptional induction and turn-off of the fos promoter were unaffected by hypoxia.
The half-life of the endogenous VEGF mRNA was calculated using GraphPad (San Diego, CA) Prism (version 1.03) software and fitting the data to an equation for single-phase exponential decay. Apparent half-lives (t 1/2 ) and decay rates (k) determined from serum stimulation data were calculated after subtraction of the background level from the unstimulated sample (t ϭ 0) and fitting the data to an equation for single-phase exponential decay. For independently functioning destabilizing activities, the rate of decay of a mRNA containing more than one destabilizing element (k obs ) should be equal to the sum of the individual decay rates (k 1 , k 2 , etc.).
RESULTS
VEGF mRNA Stability Is Regulated by Hypoxia in BALB/c3T3 Fibroblasts
The stability of the VEGF mRNA has been shown to be regulated by hypoxia in a number of cell lines, although in some tumor-derived cell lines the VEGF mRNA is constitutively stabilized (White et al., 1995) . We initially chose to use NIH3T3 cells to study the regulation of VEGF mRNA stability, because these cells are not tumor-derived and because we have previously used these cells to identify mRNA destabilizing elements (Lagnado et al., 1994; Brown et al., 1996) ; however, the VEGF mRNA was only modestly induced by hypoxia in NIH3T3 cells (Dibbens, unpublished observations). In contrast, in BALB/c3T3 fibroblasts we found that the VEGF mRNA was induced ϳ10-fold by 24 h of hypoxia ( Figure 1A ), and we therefore chose this cell line for subsequent experiments.
In BALB/c3T3 cells incubated under normoxic conditions (20% O 2 ) and treated with actinomycin D to inhibit transcription, the VEGF mRNA decayed with a half-life of 65 min ( Figure 1B ). We observed a gradual stabilization of the VEGF mRNA with extended times of exposure to actinomycin D, a phenomenon that has been observed for a number of other mRNAs (Shaw et al., 1988; Wisdom and Lee, 1991; Zubiaga et al., 1995) . Nevertheless, in cells incubated under hypoxic conditions (1% O 2 ) for 24 h, the half-life of the VEGF mRNA was estimated to be 3.7 h, demonstrating stabilization of the mRNA in response to hypoxia ( Figure 1B ). The half-life of the VEGF mRNA under normoxia and the degree of stabilization in response to hypoxia determined in this way were in good agreement with similar previous studies (Ikeda et al., 1995; Stein et al., 1995; Levy et al., 1996a,b) .
The VEGF mRNA Contains Destabilizing Elements in the 5UTR, Coding Region, and 3UTR
On the basis of the results of a previous in vitro study (Levy et al., 1996a,b) , our expectation was that the VEGF 3ЈUTR would be sufficient to confer correct regulation of stability on a reporter mRNA. To investigate the role of the VEGF 3ЈUTR in regulating mRNA stability, we inserted the entire murine VEGF 3ЈUTR into the 3ЈUTR of the fGH reporter gene, creating the hybrid gene fGH-3ЈV (Figure 2 ). This construct was transfected into BALB/c3T3 cells, and a polyclonal population of G418 resistant cells was established. Transcription of the normally stable fGH mRNA is driven from the c-fos promoter, from which a brief pulse of transcription can be generated by serum stimulation, allowing subsequent degradation of the mRNA to be monitored (Kabnick and Housman, 1988; Shyu et al., 1989; Lagnado et al., 1994) . This system allows a direct means of determining the stability of mRNAs rather than an indirect means, such as changes in the steady-state levels of reporter enzymes or the use of nonspecific inhibitors of transcription.
Insertion of the VEGF 3ЈUTR into the reporter gene significantly destabilized the fGH reporter mRNA under normoxic conditions (Figure 3, A and B) , demonstrating the presence of destabilizing elements in the VEGF 3ЈUTR; however, the half-life of the fGH-3ЈV mRNA under normoxic conditions was ϳ2 h ( Figure  3C ), significantly more stable than the half-life of the endogenous VEGF mRNA (65 min) determined using actinomycin D, and suggests that elements outside the 3ЈUTR may contribute to the lability of the VEGF mRNA under normoxic conditions. The murine VEGF mRNA comprises an unusually long 5ЈUTR of 1014 bases and a coding region of variable size, depending on the particular VEGF isoform expressed (Shima et al., 1996) . To assess whether the 5ЈUTR contributed to the normoxic instability of the VEGF mRNA, we inserted the entire VEGF 5ЈUTR into the 5ЈUTR of the fGH reporter gene, yielding f5ЈV-GH-3ЈGH (Figure 2 ). The effect of the VEGF coding region on regulation of mRNA stability was tested by replacing the growth hormone coding region in the fGH gene with the coding region for the 164 amino acid isoform, yielding f164 -3ЈGH (Figure 2) .
The decay of the hybrid mRNAs was measured after serum stimulation of the c-fos promoter under normoxic conditions. Both the 5ЈUTR and the coding region destabilized the reporter mRNA (Figure 4 , A and B), demonstrating that each region contained independently functioning destabilizing elements. Compari- son of the decay profiles ( Figures 3C and 4B ) indicated that the 3ЈUTR and coding region destabilized the reporter mRNA to a similar extent (t 1/2 ϭ 2.0 and 1.9 h, respectively), whereas the 5ЈUTR was less destabilizing (t 1/2 ϭ 2.4 h).
We confirmed the destabilizing potential of each of the three regions by determining the relative expression level of each of the mRNAs expressed constitutively from the fos promoter under normoxic conditions ( Figure 4C ). To account for any differences in transfection efficiencies between plasmids in each of the polyclonal populations, we used the mRNA from the linked neo gene for normalization. Variants of the fGH mRNA containing known destabilizing elements (fGHAU1; fGHSL2) gave reduced levels of the mRNA as expected ( Figure 4C) , and all three regions of the VEGF mRNA reduced the level of the reporter mRNA ( Figure 4C ), confirming the presence of destabilizing elements.
We conclude that regions outside the 3ЈUTR are important for the regulation of VEGF mRNA stability and that the VEGF mRNA contains destabilizing elements not only in the 3ЈUTR but also in the 5ЈUTR and coding region.
Multiple Elements Are Required for the Lability of the VEGF mRNA under Normoxic Conditions
The half-lives of the hybrid mRNAs bearing either the 5ЈUTR, coding region, or 3ЈUTR were all significantly greater than that found for the endogenous VEGF mRNA. This indicated that the lability of the endogenous mRNA under normoxic conditions may be caused by the combined action of multiple instability elements. We therefore tested the effect of each pairwise combination of the 5ЈUTR, coding region, and 3ЈUTR on degradation of the reporter mRNA ( Figure  2 ). Each pairwise combination was more unstable than each of the contributing single regions ( Figure 5 ). The rate of decay (k) for each of the pairwise combinations ( Figure 5 ) was approximately the sum of the decay rates for each individual region (Figures 3 and 4) , indicating that each region acts independently to destabilize the reporter mRNA. This additivity also suggests that each destabilizing activity acts to promote a common, rate-limiting step in the overall degradation pathway of the VEGF mRNA. The half-life of each combination was similar to that of the endogenous VEGF mRNA, indicating that any two of the three regions suffices to recapitulate the lability of the mRNA. We conclude that the VEGF mRNA contains multiple, independently functional destabilizing elements and that the rapid degradation of the VEGF mRNA under normoxia is due to the combined action of these elements.
The VEGF 5UTR, Coding Region, or 3UTR Do Not Independently Confer Hypoxic Stabilization
Having found that each of the three regions in the VEGF mRNA can independently destabilize a reporter mRNA, we tested whether each of the regions responds to hypoxia; however, maintaining the cells in a hypoxic environment did not result in any significant stabilization of any of the hybrid mRNAs ( Figure 6A ). To verify that the cells had been adequately exposed to hypoxia, we measured the levels of the mRNA from the endogenous VEGF gene. We found that the endogenous VEGF mRNA was induced approximately sevenfold by hypoxia and remained constant throughout the 8-h time course after serum stimulation ( Figure  6B ), indicating that the cells were responding appropriately to hypoxia and that serum stimulation was unlikely to affect mRNAs already stabilized in response to hypoxia.
The inability of the 5ЈUTR, coding region, and 3ЈUTR to independently confer hypoxic stabilization on the reporter mRNA indicated that multiple elements are required for stabilization and that the determinants for stabilization are distinct from those that act to destabilize the mRNA under normoxic conditions.
Hypoxic Stabilization of the VEGF mRNA Requires the Cooperation of RNA Elements from Multiple Regions of the mRNA
The inability of the 5ЈUTR, coding region, or 3ЈUTR to confer hypoxic stabilization suggested that stabilization may require the participation of two or more regions in the VEGF mRNA. We therefore tested the ability of each of the pairwise combinations of the 5ЈUTR, coding region, and 3ЈUTR to be stabilized in response to hypoxia. Although combining regions resulted in enhanced degradation rates in normoxic cells, there was no stabilization in response to hypoxia (Figure 7) . Because the level of GAPDH mRNA, which is used as an internal standard, is increased as a result of hypoxia, we present the data with and without normalization, to show that there is no apparent bias of the decay rate as a result of the normalization procedure.
Because there was no regulation of stability with the pairwise combinations, we combined all three regions, essentially regenerating the entire VEGF mRNA, but with a 48-base sequence tag inserted between the coding region and the 3ЈUTR. This allowed the discrimination between the reconstructed mRNA, termed fVEGF (Figure 2) , and the endogenous VEGF mRNA. In contrast to the results obtained with the pairwise combinations, we found that the reconstructed fVEGF mRNA was stabilized in response to hypoxia ( Figure  8, A and B) . Again, the data are shown with and Figure 4 (cont) . lanes show the protection products obtained with growth hormone (GH), 164 amino acid coding region (164), or neo probes alone. The remaining lanes show protection products found with cells expressing the stable fGH mRNA, the fGH mRNA with AU-destabilizing elements (fGHAU1) (Brown et al., 1996) , the fGH mRNA with the stem-loop destabilizing element from G-CSF (fGHSL2) (Brown et al., 1996) , or the f5ЈV-GH-3ЈGH, f164 -3ЈGH, or fGH-3ЈV mRNAs. The level of each mRNA was normalized with respect to the neo mRNA. The expression level relative to fGH is indicated below each lane. The graph shows data as mean Ϯ SEM for at least three independent experiments, normalized with respect to GAPDH. The levels of serum induction observed for each experiment were 9.6-, 4.4-, and 8.6-fold for the f5ЈV-GH-3ЈGH reporter gene and 23-, 16-, 12-, and 14-fold for the f164 -3ЈGH reporter gene. The maximal levels of induction (expressed as a ratio to the GAPDH level) were 0.35, 0.29, and 0.32 for the f5ЈV-GH-3ЈGH reporter gene and 0.28, 0.22, 0.31, and 0.28 for the f164 -3ЈGH reporter gene. (B) Decay kinetics of the f5ЈV-GH-3ЈGH and f164 -3ЈGH mRNAs. The graph shows mean data taken from A, with the background level of mRNA from the unstimulated samples subtracted. Regression lines, calculated half-lives (t 1/2 ), and decay rates (k) are indicated. (C) RNase protection analysis of RNA isolated from stably transfected BALB/c3T3 cells expressing the indicated chimeric genes. Cells were grown in 7.5% FCS under normoxic conditions. The first three without normalization, to show that normalization with GAPDH did not significantly alter the rate of decay of the fVEGF mRNA. We observed stabilization of the reconstructed fVEGF mRNA in each of three repetitions of the experiment, including experiments performed simultaneously with pairwise combinations that showed no hypoxic stabilization (Figure 7) . The half-life of the reconstructed mRNA was 65 min under normoxic conditions, and the mRNA was stabilized 2.9-fold in response to hypoxia ( Figure 8C ), essentially recapitulating the stabilization found with the endogenous VEGF mRNA (Figure 1) . The stabilization of the reconstructed fVEGF mRNA, but not any of the pairwise combinations, demonstrates that hypoxic stabilization of the VEGF mRNA requires the cooperation of elements in all three regions of the mRNA.
The endogenous VEGF mRNA also showed a pattern of serum stimulation and decay under normoxic conditions ( Figure 8D ), suggesting that the VEGF promoter is subject to a pulse of transcription in response to serum stimulation. The apparent halflife of the endogenous mRNA under these conditions was ϳ100 min. Under hypoxia, the kinetics of VEGF expression were consistent with stabilization of the mRNA, with an apparent half-life of 210 min ( Figure 8D) .
We conclude that the VEGF mRNA contains multiple, independently functional destabilizing elements, and the cooperation of RNA elements from three different regions is essential for stabilization of the mRNA in response to hypoxia.
DISCUSSION
The regulation of VEGF mRNA stability is of particular interest, not only because VEGF is a member of the class of hypoxia-stabilized mRNAs, but also because Figure 5 . Degradation of the reporter mRNA containing pairwise combinations of the VEGF 5ЈUTR, coding region, and 3ЈUTR. Time courses of degradation of the f5ЈV-GH-3ЈV (A), f5ЈV-164 -3ЈGH (B), and f164 -3ЈV (C) mRNAs from cells incubated under normoxic conditions. The graphs show data as mean Ϯ SEM for two independent experiments, normalized with respect to GAPDH. The levels of serum induction observed for each experiment were 6.4-and 5.5-fold for the f5ЈV-GH-3ЈV reporter gene, 5.7-and 6.3-fold for the f5ЈV-164 -3ЈGH reporter gene, and 5.2-and 9.3-fold for the f164 -3ЈV reporter gene. The maximal levels of induction (expressed as a ratio to the GAPDH level) were 0.22 and 0.25 for the f5ЈV-GH-3ЈV reporter gene, 0.17 and 0.20 for the f5ЈV-164 -3ЈGH reporter gene, and 0.27 and 0.11 for the f164 -3ЈV reporter gene. Decay kinetics of the mRNAs are also shown and were calculated from mean data with the background levels of mRNA from the unstimulated samples subtracted. Regression lines, calculated half-lives (t 1/2 ), and decay rates (k) are indicated.
of its importance as a potential target for antiangiogenic therapy (Kim et al., 1993; Millauer et al., 1994) . The design of agents to inhibit or promote the activity of VEGF requires elucidation of the specific mechanisms controlling its expression. For this reason there is considerable interest in identifying the determinants in the VEGF mRNA involved in its lability under normoxic conditions and its stabilization in response to hypoxia.
In this study we investigated the role of various regions in the VEGF mRNA in regulating its lability in vivo. The use of a reporter mRNA driven from the fos promoter allowed us to determine the effect of different regions of the VEGF mRNA on the stability of a reporter gene, rather than using indirect means such as changes in the steady-state levels of reporter enzymes or the use of nonspecific inhibitors of transcription. In all of our constructs we maintained the positional and translational context of the inserted region in the reporter mRNA. We found that the VEGF mRNA contains multiple, independently functional destabilizing elements and that the rapid degradation of the VEGF mRNA under normoxia is due to the combined action of these elements. The normoxic halflife of the entire reconstructed mRNA was not significantly different from those calculated for each pairwise combination of the three regions, suggesting that any two of the three regions suffices to recapitulate the lability of the mRNA; however, this finding could reflect the fact that the fos promoter, which produces a transcriptional pulse of ϳ30 min duration (Rivera et al., 1990) , cannot resolve half-lives significantly Ͻ1 h.
A number of other mRNAs have been shown to contain destabilizing elements in both the 3ЈUTR and coding region, including the fos and myc mRNAs (Kabnick and Housman, 1988; Shyu et al., 1989; Wisdom and Lee, 1991; Herrick and Ross, 1994) ; however, the ability of the VEGF 5ЈUTR to destabilize the reporter mRNA in our studies suggests that a destabilizing element is also present in the 5ЈUTR. The presence of a destabilizing element in the 5ЈUTR is highly unusual, although we note that the first 40 bases of the Figure 6 . The VEGF 5ЈUTR, coding region, and 3ЈUTR do not individually confer hypoxic stabilization on a reporter mRNA. (A) Time courses of degradation from cells expressing the f5ЈV-GH-3ЈGH, the f164 -3ЈGH, or the f164 -3ЈV mRNAs grown under normoxia (open symbols) or hypoxia (closed symbols) for 24 h. The graph shows the data as mean Ϯ SEM for at least two independent experiments, normalized with respect to GAPDH. The levels of serum induction observed for the f5ЈV-GH-3ЈGH reporter gene were 9.6-, 4.4-, and 8.6-fold under normoxia and 6.2-and 6.6-fold under hypoxia. For the f164-GH-3ЈGH reporter gene the serum induction was 23-, 16-, and 11-fold under normoxia and 12-and 6.2-fold under hypoxia. For the fGH-3ЈV reporter gene the serum induction was 7.5-, 7.5-, 4.4-, and 14-fold under normoxia and 7.8-, 5.0-, and 6.6-fold under hypoxia. The maximal levels of induction (expressed as a ratio to the GAPDH level) for the f5ЈV-GH-3ЈGH reporter gene were 0.30 and 0.29 under normoxia and 0.23 and 0.18 under hypoxia. The maximal levels of induction for the f164 -3ЈGH reporter gene were 0.23 and 0.22 under normoxia and 0.24 and 0.28 under hypoxia. The maximal levels of induction for the fGH-3ЈV reporter gene were 0. 32, 0.49, and 0.22 under normoxia and 0.26, 0.16, and 0.16 under hypoxia. (B) RNase protection gel of the endogenous VEGF mRNA and the neo mRNA from serum stimulated cells incubated under hypoxia for 24 h before serum stimulation and for the duration of the time course after serum stimulation. RNA from cells grown under normoxic conditions before serum stimulation is shown for comparison. The neo mRNA was used for normalization because the gene is expressed from the SV40 early promoter, the transcription of which is unaffected by hypoxia (Semenza and Wang, 1992) . J.A. Dibbens et al. fos mRNA are able to weakly destabilize a globin reporter mRNA (Kabnick and Housman, 1988) . We found that the VEGF 5ЈUTR, coding region, and 3ЈUTR were also potently destabilizing in NIH3T3 cells, indicating that the destabilizing activity of each region was not restricted to the BALB/c3T3 cells used in our study. Although the mechanism of destabilization promoted by each of the destabilizing elements in the VEGF mRNA remains to be determined, the existence of multiple destabilizing elements in the VEGF mRNA indicates that multiple degradation pathways have evolved to ensure rapid turnover of the mRNA under normoxic conditions; however, it has also become apparent that a number of tumor-derived cell lines constitutively express elevated levels of VEGF caused by persistent stabilization of the mRNA (White Figure 7 . Analysis of the effect of hypoxia on chimeric mRNAs containing pairwise combinations of the VEGF 5ЈUTR, coding region, and 3ЈUTR. Time courses of degradation of the f5ЈV-GH-3ЈV, f5ЈV-164 -3ЈGH, or f164 -3ЈV mRNAs from cells incubated under normoxia (open symbols) or hypoxia (closed symbols) for 24 h. The graphs show data as mean Ϯ SEM for two independent experiments, either normalized for GAPDH (left panels) or without normalization (right panels). The levels of serum induction observed for the f5ЈV-GH-3ЈV reporter gene were 6.4-and 5.5-fold under normoxia and 4.9-and 6.0-fold under hypoxia. For the f5ЈV-164 -3ЈGH reporter gene the serum induction was 5.7-and 6.3-fold under normoxia and 8.4-and 8.0-fold under hypoxia. For the f164 -3ЈV reporter gene the serum induction was 5.2-and 9.3-fold under normoxia and 6.6-and 8.3-fold under hypoxia. The maximal levels of induction (expressed as a ratio to the GAPDH level) for the f5ЈV-GH-3ЈV reporter gene were 0.22 and 0.27 under normoxia and 0.24 and 0.21 under hypoxia. The maximal levels of induction for the f5ЈV-164 -3ЈGH reporter gene were 0.18 and 0.22 under normoxia and 0.18 and 0.30 under hypoxia. The maximal levels of induction for the f164 -3ЈV reporter gene were 0. 22 and 0.36 under normoxia and 0.19 and 0.21 under hypoxia. et al., 1995; Iliopoulos et al., 1996; Levy et al., 1996a,b) . The existence of multiple instability elements in the VEGF mRNA and the ability of any two of the three regions to recapitulate the lability of the mRNA suggests that the persistent stabilization of the VEGF mRNA in these tumor-derived cells may be due to the constitutive activation of a stabilizing pathway rather than the loss of function of two distinct degradation pathways.
In contrast to the additive effects of individual regions in destabilizing the mRNA, we found that hypoxic stabilization of the VEGF mRNA occurs only if the 5ЈUTR, coding region, and 3ЈUTR are all present in the mRNA. Based on the results of a previous study in which hypoxic stabilization of the VEGF 3ЈUTR was observed in a cell-free extract system (Levy et al., 1996a,b) , our expectation was that the 3ЈUTR would be sufficient to confer correct regulation on a reporter The levels of serum induction observed for the endogenous VEGF gene were 7.8-, 9.6-, and 7.0-fold under normoxia and 3.7-, 2.8-, and 2.5-fold under hypoxia. The maximal levels of induction (expressed as a ratio to the GAPDH level) for the endogenous VEGF gene were 0.55, 0.67, and 038 under normoxia and 1.4, 0.67, and 0.58 under hypoxia. mRNA in vivo; however, our observation in intact cells demonstrates that the regulation of VEGF mRNA stability is more complex than previous studies have suggested and involves considerable complexity in the molecular interactions. This could be due to the requirement for three distinct RNA binding proteins each interacting with a discrete element, or it could reflect the need to form a particular RNA structure from various RNA sequences that is recognized by a single protein.
The ability to recapitulate hypoxic stabilization is significant for a number of reasons. It will allow further delineation of the elements required for stabilization and therefore provide a route to the isolation of factors involved in stabilization of the mRNA. It also provides the ability to study the effect of various conditions or factors on mRNA stability directly, without the complication of associated changes in transcription from the VEGF promoter. Furthermore, our demonstration of the need for the cooperation of multiple elements for hypoxic stabilization of the VEGF mRNA could have important implications for antiangiogenic therapy. Inhibition of the function of any of the cooperating elements should prevent accumulation of the mRNA in response to hypoxia.
Although the VEGF 3ЈUTR is not sufficient to confer hypoxic stabilization, our results show that elements in the 3ЈUTR are essential for stabilization. This is supported by other studies that show that RNA elements in the 3ЈUTR play a role in hypoxic stabilization. Antisense expression of HuR, a protein that binds to a distal AUrich region in the VEGF 3ЈUTR, prevents hypoxic stabilization of the VEGF mRNA (Levy et al., 1998) . HuR is a member of the Elav-like family of binding proteins and has been implicated in the function of AU-destabilizing elements (Myer et al., 1997) . Additionally, one of the hypoxia-inducible proteins found to bind to a pyrimidine-rich element in the VEGF 3ЈUTR in vitro also binds to a similar element found in the erythropoietin and tyrosine hydroxylase mRNAs (Czyzyk-Krzeska and Beresh, 1996; Iliopoulos et al., 1996; Levy et al., 1996a,b; McGary et al., 1997) . Mutation of this element in the erythropoietin mRNA destabilizes the mRNA in vivo under normoxic conditions and prevents hypoxic stabilization of the mRNA (McGary et al., 1997) .
Figure 8 (cont).
Hypoxic Regulation of VEGF mRNA Stability Vol. 10, April 1999 We found that the endogenous VEGF mRNA showed a pattern of serum stimulation and decay under normoxic conditions, indicating that the VEGF promoter is also subject to a pulse of transcription in response to serum stimulation (Figure 8) . A similar pattern of VEGF transcription in response to serum has also been seen in human fibroblasts (Enholm et al., 1997) . The pattern of decay of the endogenous mRNA under hypoxia was consistent with stabilization of the mRNA, although nuclear run-on experiments are required to verify that the shut-off of transcription under hypoxia and normoxia occurs at the same rate. Nevertheless, the degree of hypoxic stabilization (twofold) of the endogenous mRNA determined from these apparent half-lives was similar to that determined from the reconstructed mRNA. If the pulse of transcription generated from the VEGF promoter in response to serum stimulation is similar under normoxia and hypoxia, this method may allow the direct determination of the effect of various agents on stabilization of the endogenous VEGF mRNA.
The degree of complexity of the molecular interactions required for the regulation of stability of some mRNAs is only now becoming apparent. Our finding that multiple regions are required for VEGF mRNA stabilization parallels similar findings with the interleukin (IL)-2 and IL-11 mRNAs. Stabilization of the IL-2 mRNA in T cells by the c-Jun amino-terminal kinase (JNK) pathway requires elements at the junction of the 5ЈUTR and coding region as well as elements in the 3ЈUTR (Chen et al., 1998) , and stabilization of the IL-11 mRNA in bone marrow stromal cells in response to phorbol ester requires all three regions of the mRNA (Yang et al., 1996) ; however, the VEGF mRNA appears to be unique in the complexity of the interactions required for both its lability and stabilization. Such complexity most likely reflects the need for expression of the molecule to be very tightly regulated and is most apparent in the failure in vascular development in mice carrying a single defective VEGF gene (Carmeliet et al., 1996; Ferrara et al., 1996) . This heterozygous lethality is unprecedented in an autosomal gene and indicates that the level of VEGF is critical for correct embryonic vascular development. The ability to regulate the stability of the VEGF mRNA allows a level of control in addition to regulation of transcription, and this may be important for coordinating expression of VEGF with the many other factors that also play a role in the angiogenic process (Folkman and Shing, 1992) .
